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INTRODUCTION
Amphiphilic block copolymers (BCPs) self-assemble into a variety of micellar morphologies in selective solvents and the resulting nanoparticles have been shown to be useful in many applications. [1] [2] [3] [4] As a result of the kinetically trapped nature of the resulting micelles, the solution processing of BCPs is being increasingly exploited, enabling access to a wide variety of new morphologies. 5 Amongst these, toroidal micelles (ring-like structures) are relatively rare; however, they are of particular interest as their unique geometry is important in a number of biological processes and nanotechnologies. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] For example, DNA molecules collapse from solution to form toroidal condensates and toroids represent a target structure in artificial gene delivery for gene therapy. 6 Various BCP structures have been shown to self-assemble into toroidal micelles, including A-B, [13] [14] [15] [16] B-A-B [10] [11] [12] and A-B-C, [7] [8] [9] 15, 19, 20, 22 and graft BCPs. 18, 21 In general, careful kinetic control of the assembly process is also required. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] In a few cases, additives such as homopolymers have been found to be useful to promote morphological transformations from rod-like micelles to toroidal micelles. 18, 23 Lin and coworkers used poly(acrylic acid)-g-poly(γ-benzyl-L-glutamate) PAA-g-PBLG graft copolymer and PBLG blends to prepare near monodisperse rods, curved rods and toroids by the dialysis of a solution of molecularly dissolved blend against water over 3 days. 18 Nevertheless, to date, the rapid and convenient formation of morphologically pure toroids of uniform and tunable ring size has been a challenge.
Most examples of BCP toroidal micelles presented in the literature are believed to form via the endto-end coalescence of cylindrical micelles. In these examples, toroids typically coexist with cylindrical precursors. A lesser-reported alternative pathway has been proposed by He and Schmid 25 using computer simulation whereby a sphere-disc-toroid transition can occur at concentrations close to the critical micelle concentration (CMC). By this route, a spherical micelle first grows into a disclike micelle followed by nucleation of a hole in the center. Eventually the perforated disc evolves into a toroidal micelle. This growth mechanism is thought to be promoted by a core-forming block with a low glass transition temperature (Tg) and is believed to be operational for PIP-b-P2VP (PIP = polyisoprene, P2VP = poly(2-vinylpyridine)) toroid-forming BCPs. 16 Polyferrocenylsilanes (PFSs) represent a class of main chain metal-containing organosilicon polymers 26 with redox-activity 27, 28 and utility for the fabrication of magnetic ceramics 29, 30 and catalysts. 31 Generally, PFSs that are unsymmetrically substituted at the Si centers, such as poly(ferrocenylethylmethylsilane) (PFEMS), are amorphous, whereas their symmetrically substituted analogues, for example poly(ferrocenyldimethylsilane) (PFDMS), have been found to crystallize. 26, [32] [33] [34] [35] BCPs with a crystallizable core-forming PFDMS block are able to form non-spherical micelles such as cylinders and platelets through a process termed crystallization-driven self-assembly (CDSA). [32] [33] [34] [35] Over the past decade, we and our collaborators have used CDSA and the "living" characteristics of this process to control micelle dimensions [36] [37] [38] and to construct complex PFDMS BCP micellar architectures. 39, 40 However, as a result of the presence of crystalline cores, CDSA gives rise to micelles that with high-aspect-ratios that exhibit high stiffness. Consequently, CDSA does not normally favor the formation of vesicles or toroids that possess curved shapes, although limited examples of hollow nanostructures have been reported. [41] [42] [43] When PFDMS BCPs self-assemble in a selective solvent that is very poor for the core-forming metalloblock, spherical micelles with an amorphous core are formed. These often subsequently reassemble into cylindrical or platelets micelles as a consequence of core crystallization. [44] [45] [46] An induction period therefore exists prior to the onset of crystallization that provides a window of opportunity in which to self-assemble PFDMS BCPs to form micelles with an amorphous core. On the other hand, the addition of PFDMS homopolymer should, in principle, increase the effective core volume and trigger the formation of micellar structures with low interfacial curvature rather than leading to non-spherical micelles. 13, 47 Herein, we report the cooperative co-assembly of blends 13, 18, 48, 49 derived from PFDMS BCP and homopolymer into relatively uniform, size-tunable toroidal micelles.
Compared to previously reported routes, 7-23 the present approach is highly convenient and simply involves the injection of a blend of unimers in solution into selective solvents. The resulting toroidal micelles can be subsequently used as templates for the fabrication of nanoparticle arrays. Remarkably, the conditions we use are identical to those previously used to prepare uniform 2D platelets with crystalline cores except that in the latter case, a seeded growth approach was used. For this work we selected a PFDMS-b-P2VP BCP, as this material has previously been shown to undergo a morphological transition from amorphous-core spheres to crystalline-core cylinders depending on the selective solvent used. 45, 46 In a typical experiment ( Fig. 1) , concentrated solutions of PFDMS36-b-P2VP502 and PFDMS20 unimers (in THF, 10 mg/ml) were firstly mixed to give a blend at a specific mass ratio (1:4 -10:1). An aliquot (5 µL) of the unimeric blend solution was then rapidly injected into a selective solvent mixture of hexane and isopropanol (IPA) (1:3, v/v) at 45 ºC within 1 s and vigorously shaken for 5 s. The assembly process was allowed to proceed for 15 min at 45 ºC before aliquots of the solutions (ca. 15 µL) were drop cast onto carbon coated grids for transmission electron microscopy (TEM) analysis and freshly cleaved mica for atomic force microscopy (AFM) imaging (Fig. 2) .
While the blends with a PFDMS36-b-P2VP502 : PFDMS20 mass ratio < 2:3 predominantly gave rise to solid spherical nanoparticles (Fig. S1 ), a reduction in the amount of PFDMS20 (mass ratios = 1:1 -10:1) led to the formation of ring-like micellar structures (Figs. 2a-f ). The blend with a 1:1 mass ratio (molar ratio ~1:13) formed uniform toroidal micelles (yield > 80%) with the coexistence of solid spheres (Fig. 2a) . The number-average ring diameter (Dn, Fig. 1 2b-d). In addition, Dn was found to decrease on reduction of the mass fraction of the PFDMS homopolymer (fPFDMS) as indicated by TEM and AFM (Fig. 2) , and dynamic light scattering (DLS, Fig. S2 ) analyses. Thus, for the PFDMS36-b-P2VP502 and PFDMS20 blend with a 2:1 mass ratio, toroids with Dn = 53 nm were formed (Fig. 2b) . In contrast, at mass ratios of 4:1 and 10:1, toroids with a Dn = 37 nm and 30 nm were observed, respectively. The height of the toroidal rim for toroids formed by the blends with a 1:1 and 4:1 ratio was found by AFM to be ~7.5 nm for both samples Further experiments showed that the diameter of the toroids also increased with temperature of the selective solvent particularly in the region of 45 -60 ºC where a difference of ring diameter of ~20 nm was detected by TEM and DLS (Fig. 3, Figs . S5-S7).
The co-assembly of the BCP/homopolymer blends and the micellar morphology adopted was also dependent on the selective solvent composition. In solvents or solvent mixtures that are very poor for PFDMS (see Table S1 for reference), such as methanol, ethanol, IPA, n-butanol, and 1:1 (v/v) hexane/acetone, the PFDMS36-b-P2VP502/PFDMS20 blends assemble into spherical micelles or aggregate into larger colloidal particles ( Compared to other systems, 7-23 the formation of toroidal micelles from the blends of PFDMS36-b-P2VP502 and PFDMS20 was surprisingly rapid. Some toroidal micelles could be observed after 1 min and the self-assembly was generally complete within 5 min (Fig. 4 and Fig. S9 ). This is substantially different from the conventional toroid micelle systems, where the preparation normally involves low concentrations, elaborate control and lengthy procedures.
The toroidal micelles in Fig. 2 were found to be unstable in hexane/IPA (1:3, v/v), and reassembled into irregular platelets and cylindrical micelles after 1 -6 h (Fig. 6a , the stability decreased with an increase in fPFDMS). In order to stabilize the toroidal micelles, we explored a "trapping" approach to immobilize the ring structure, either by freezing the core or the corona. The addition of decane (50% v/v) (which is a very poor solvent for the corona-forming P2VP block) following toroid formation led to the aggregation of toroidal micelles into larger solid particles (ca. 120 nm, Fig. S10a ). In contrast, in order to trap the PFDMS core, methanol (50% v/v) (a very poor solvent for PFDMS) was added which resulted in an extended lifespan of the toroidal micelles to ~2 days ( Interestingly, the diameter of the toroidal micelles, Dn, increased after the addition of water (Fig. 5) .
As indicated by the TEM images (Fig. 5a-c) , the ring diameter increased from ~55 nm to ~115 nm after 1 day. This was also confirmed by DLS analysis, where the apparent hydrodynamic radius (RH,app) almost doubled after 1 day (Fig. 5d) . Such an increase of ring size again indicated a complex influence of solvent composition on the structures of the toroidal micelles. The crystallinity of the PFDMS cores of the toroidal micelles with and without quenching was investigated by solution phase wide-angle X-ray scattering (WAXS) (Fig. 6) . The self-assembly of toroidal micelles could be readily scaled and this allowed the successful preparation of concentrated toroid solutions (>8 mg/mL, ca. 1wt% solids, Fig. 6b ). Toroidal micelles derived from the coassembly of the PFDMS36-b-P2VP502/PFDMS20 blends in 1:5 (v/v) THF/IPA that had been allowed to age for 24 h without the addition of water displayed a sharp peak with a d-spacing of 0.65 nm, which is consistent with that for crystalline PFDMS (Figs. 6a,c) . [33] [34] [35] 52 However, the toroidal micelles derived from the co-assembly of the PFDMS36-b-P2VP502/PFDMS20 blends in 1:5 v/v THF/IPA that had been quenched with water (50% v/v) in order to preserve the toroidal structure displayed an amorphous halo with no discernible peaks. The instability of the toroidal micelles is therefore probably a consequence of the crystallization of the PFDMS moieties. Furthermore, these results indicate that the toroidal micelles are intermediate co-assembly products favored by kinetics and that crystallization must be frustrated in order to achieve long-term stability. 
Self-Assembly of Amorphous Blends of PFEMS36-b-P2VP612 and PFEMS23
Attempts were made to eliminate the effects of crystallization and hence the need for quenching of the micelles by using amorphous poly(ferrocenylethylmethylsilane) (PFEMS) BCP and atactic homopolymer blends. 26, 53 In analogous experiments, unimeric solutions of blends of PFEMS36-b-P2VP612 and PFEMS23 (THF, 10 mg/ml) were mixed at mass ratios of In a similar way to the crystallizable blend system, the toroidal micelles prepared from the all amorphous PFEMS36-b-P2VP612 and PFEMS23 blends appeared to show a dependence of Dn on the mass fraction of PFEMS homopolymer (fPFEMS) with a narrow size dispersity (< 1.1). At mass ratios of 2:1, 4:1 and 10:1, toroids with a Dn = 72 nm, 57 nm and 48 nm were measured respectively ( Figure   S11 ).
Functionalization of Toroidal Micelles
The toroidal micelles potentially provide a flexible platform for the fabrication of nanomaterials utilizing both the functional P2VP corona and the redox-reactive PFS core. Gold nanoparticles (NPs)
were prepared via the in-situ reduction of NaAuCl4 by NaBH4 in the P2VP corona of the watertrapped toroidal micelles formed by PFDMS36-b-P2VP502 and PFDMS20 blends. Bright-and dark-field TEM images (Fig. 7) revealed the formation of circular arrays of gold NPs (diameter of ca. 4 nm) located in the P2VP corona. This was further confirmed by selected-area energy dispersive X-ray (EDX) spectroscopy analysis (Fig. S13) . with elongated planar cores and fiber-like protrusions from the ends. 54 This is an interesting morphological contrast to the amorphous nanostructures that are observed for this work, which may be as a result of the quality of decane for the core-forming block, the altered self-assembly methodology, or the selection of the specific polymers that were used. Furthermore, previous work using the two aforementioned materials studied herein as a unimer blend under seeded growth conditions which were otherwise identical to those used in this study yielded markedly different morphologies. For example, the identical PFDMS36-b-P2VP502 and PFDMS20 polymers, the same blend ratio, self-assembly solvent system and temperature, with the added incorporation of PFDMS BCP seed micelles to the self-assembly, resulted in the formation of rectangular 2D platelet micelles with controlled dimensions 50 rather than toroids. The presence of a nucleation point for the unimers to grow off clearly allows the preparation of micelles more typical of those observed with a crystallizable core-forming block. The absence of seeds has a consequence that the PFDMS coreforming block is unable to initially crystallize, resulting in the formation of micelles with an amorphous core.
A number of different factors were shown to alter the size of the toroidal micelles formed. When the amount of PFDMS homopolymer was increased, the number-average ring diameter (Dn) and toroid core width were enlarged (Fig. 2) . This is indicative that when there is a greater mass fraction of the PFDMS (fPFDMS), larger ring sizes and micelle core diameters are formed, presumably to accommodate the increase in the core-forming component, which results in a reduction in core-corona interfacial curvature. Furthermore, Dn increased with a rise in temperature used during self-assembly, where a difference of ring diameter of ~20 nm was detected by TEM and DLS (Fig. 3, Figs . S5-S7) in the region of 45 -60 ºC. We speculate that this may be a consequence of a small degree of confined crystallization of the PFDMS chains on annealing at increased temperatures, which would favor a lower degree of interfacial curvature. The increase in diameter detected in 50% (v/v) water over 1 day ( Figure 5 ) is challenging to explain but may be the result from a similar effect, although an increase in the aggregation number, driven by a desire to decrease the overall surface area of the core exposed to such a poor solvent for PFDMS, cannot be ruled out.
The use of a core-forming block that has the ability to crystallize had a profound effect upon the morphological stability of the micelles. When PFDMS36-b-P2VP502/PFDMS20 blends were used, the toroidal micelles that were initially formed reassembled into irregular platelets and cylindrical micelles after 1 -6 h (Fig. 6a) . The toroids are kinetically trapped nanostructures initially because the solvent system used for the self-assembly is sufficiently poor to inhibit the initial crystallization of the core-forming block. However, slow penetration of the micelle core with solvent would potentially allow the core chains to rearrange and eventually crystallize. This slow crystallization would then dictate the rearrangement of the micelle to form the observed high aspect ratio micelles. This is comparable to previously reported work which observed a slow sphere-to-cylinder transition with PFDMS-b-P2VP BCPs in a solvent that was poor for the core-forming block. 45 The crystallization of the PFDMS core-forming block can effectively be frustrated through the addition of methanol or
water. The addition of either of these solvents makes the solvent system poorer for the core which, in turn, further impedes rearrangement and crystallization of the PFDMS chains. When the analogous PFEMS36-b-P2VP612/PFEMS23 amorphous blends were used, the micelles were shown to be morphologically stable over several months. The inability of the PFEMS core-forming block to crystallize greatly increases the kinetic stability of the toroids and essentially "freezes" them in that morphology.
Morphologies characterized by the presence of a cavity, such as hollow spheres, 41 nanotubes 41, 55, 56 and vesicles, 42, 57 have been previously prepared with PFDMS BCPs. Moreover, structural reorganization of spherical and cylindrical micelles to form hollow structures has been reported for polylactide
BCPs. 43 It is plausible that vesicles rather than toroids might be formed by the blending of BCP and homopolymer experiments described herein. Bright field TEM images show the formation of dark ring structures (Fig. 2a-d) , which would signify the formation of a single continuous amorphous PFDMS core associated with toroidal architectures. Toroids prepared with a PFEMS core show the formation of similar ring structures by TEM. (Fig. S11) . If vesicles were formed, it would be expected that upon deposition and drying on a TEM grid, nanostructures with roughly even electron contrast across the whole nanostructure would be observed. This would be as a consequence of the collapsed bilayer-type structure in a vesicle, resulting in the PFDMS core essentially covering the entirety of the micelle surface. In addition, AFM height profiles indicate the formation of toroidal structures. The edge of the ring structures (Fig. 2g , ca. 7.5 nm, red trace) is significantly higher than the center (Fig.   2g , ca. 1.5 nm, red trace) due to the presence of the PFDMS core around the circumference of the toroid. The formation of toroidal micelles over vesicles is further substantiated when studying the AFM height profile with the all amorphous PFEMS36-b-P2VP612/PFEMS23 (Fig. S12) . This shows the height profiles returning to zero at the toroid midpoint, indicative of the formation of ring-like structures. If collapsed vesicles were formed, similar to the evidence provided by TEM, a roughly even height distribution would be expected. The AFM height profiles when PFDMS is used, however, do not return to the zero value at the toroid midpoint (Fig. 2g , ca. 1.5 nm, red trace). This can be explained as a result of the long P2VP502 corona wetting the substrate within the central section of the micelle. This is more apparent when a smaller mass fraction of PFDMS is used as smaller toroids are produced (Fig. 2g, blue trace) , which would further crowd the central section of toroids. However, in both cases, there is a clear dip at the midpoint of the micelles, indicative of the formation of a hole within in the micelle structure. Furthermore, other reported examples of BCP toroids that have commensurate diameters to the ones in this report (ca. 70 nm) also showed non-zero heights within the center of the micelles (ca. 2.5 nm at the rim and 0.5 nm at the center). 16 Previous work on PFDMS-b-PDMS BCPs has shown that self-assembled structures can undergo rapid contrast inversion upon irradiation with an electron beam. 58 Therefore, in an attempt to eliminate any effects upon the micelles caused by beam damage and determine whether the structures are as a result of this, a sample of toroids was exposed to a concentrated electron beam for 1 h. However, after both 5 min and 1 h, there was no evidential change in the micelle structures compared to that initially formed (Fig. S14 ). This indicates that the micelles are not only stable to these conditions, but that the observed structures are not a result of beam damage effects.
There are two previously reported formation mechanisms for the preparation of toroidal micelles.
9,25
The first, by the end-to-end coalescence of cylindrical micelles, is possible for this system. The tendency for PFDMS BCP materials is to form rigid 1D cylinders or 2D platelets when self-assembled as a BCP-homopolymer blend with a crystalline core. If the PFDMS36-b-P2VP502/PFDMS20 blends did crystallize, it would not be possible to form toroids by this route as there would be an extreme energy penalty afforded upon bending of the cylinders to yield the high curvature structures. In addition, this effect would also be exacerbated on the length scales of the toroids. However, as the blends studied were shown to be amorphous in the toroids, it is possible that short amorphous cylinders could be formed which could subsequently undergo fusion to form the toroids. However, the alternative mechanism for the preparation of toroids involving the perforation of a spherical/disc-like micelle, is also possible. Nevertheless, due to the rapid nature of the self-assembly, the intermediate nanostructures that would be observed in both these mechanisms could not be detected. It is therefore possible that the toroids are not formed by either of the two reported mechanisms, and in fact another pathway is operational. Spontaneous cavitation in spherical and cylindrical micelles has been reported upon drying, although, in this case, this was due to hydrogen-bonding interactions between the core and the corona. 43 The rapid process could also be as a result of a unique formation mechanism in contrast with the "ring-closing" or "perforation" models, 9 ,25 which may be accomplished directly by the co-assembly of blends without any significant morphology transformation. However, to be able to ascertain whether this is the case, the self-assembly of the BCP-homopolymer blends would need to be slowed down significantly and further studies would also be required.
SUMMARY
We have demonstrated a facile and rapid method to prepare uniform toroidal micelles through the coassembly of a PFS BCP and homopolymer in various solvents, where the degree of polymerization of the core-forming metalloblock in the former is greater than for the latter. The size of the toroids can be effectively tuned through alteration of the BCP-homopolymer blend ratio, or the temperature. The toroidal micelles were either stabilized by a trapping strategy which frustrates the crystallization of the core-forming block, or by using the analogous amorphous PFS polymers. Moreover these nanostructures have been shown as effective platforms for the preparation of hybrid materials, utilizing the corona chemistry to prepare circular arrays of Au NPs.
The mechanism by which the toroids form may involve end-to-end coalescence, the perforation method, or another unknown process and clearly needs further investigation. We anticipate that the cooperative co-assembly method developed in this work should be applicable to other block copolymer and homopolymer blends and thus provides a general strategy to prepare diverse ring-like functional nanostructures. In addition, we are investigating whether toroidal micelles can be used as building blocks for hierarchical self-assembly with other BCP micelles and the longer term dimensional changes that occur as the systems evolve in certain solvents such as water..
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